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Abstract. The similarity of the observed mass densities of baryons and cold dark matter may be a
sign they have a related origin. The baryon-to-dark matter ratio can be understood in the MSSM
with right-handed (RH) neutrinos if CDM is due to a d = 4 flat direction condensate of very weakly
coupled RH sneutrino LSPs and the baryon asymmetry is generated by Affleck-Dine leptogenesis
along a d = 4 (HuL)
2 flat direction. Observable signatures of the model include CDM and baryon
isocurvature perturbations and a distinctive long-lived NLSP phenomenology.
PACS. 98.80.Cq Cosmology
1 Introduction
A striking feature of the observed Universe is the sim-
ilar mass density in baryons and cold dark matter.
(The ’Baryon-to-Dark Matter’ (BDM) ratio.) From
the WMAP three-year results for the ΛCDM model,
ΩDM/ΩB = 5.65 ± 0.58 [1]. However, in most mod-
els the physics of baryogenesis and dark matter pro-
duction are unrelated. So why is the mass density in
baryons within an order of magnitude of that of dark
matter? There are three possibilities:
(i) A remarkable coincidence.
(ii) Some anthropic selection mechanism, usually as-
sumed but undefined (e.g. in the case of thermal relic
neutralino dark matter).
(iii) The mechanisms for the origin of the baryon asym-
metry and dark matter are related.
The latter possibility seems the simplest interpre-
tation of the BDM ratio. Indeed, we may be ignoring a
big clue to the nature of the correct BSM particle the-
ory. It is highly non-trivial for a particle physics the-
ory to have within its structure (without contrivance)
a mechanism that can account for the BDM ratio.
Therefore if the BDM ratio is due to such a mech-
anism it would provide us with a powerful principle
by which to select the best canadiate particle physics
models.
BDM models broadly divide into two classes:
1).Charge conservation based: The dark matter
particle and baryon number are related by a conserved
charge, QB + Qcdm = 0 ⇒ ncdm ∼ nB. The CDM
particle mass satisfies mcdm = mnnB/ncdm and so
mcdm ∼ 1GeV is necessary. However, this does fit well
with SUSY if the LSP mass is O(mW ) or larger.
2). Dynamics based: In this case the dark matter
and baryon densities are related by similar physical
mechanisms for their origin. This implies a less rigid
relation between nB and nCDM , which may allow us
to understand why it is the mass rather than number
densities that are observed to be similar.
2 SUSY BDM Models
It is perhaps significant that many of the BDM models
studied in the past are based on SUSY and the Affleck-
Dine (AD) baryogenesis mechanism [2]. Moreover, the
SUSY BDM models tend to be far less baroque than
the non-SUSY schemes [3]. So SUSY already appears
favoured by the ’BDM principle’. However, the previ-
ously considered schemes have all been of the charge
conservation type, which are not compatible with SUSY
breaking schemes which haveO(mW ) soft SUSY-breaking
masses. So is there a compelling SUSY dynamical BDM
model? In [4] we suggested that there is:
Dynamical SUSY BDM Model:
d=4 (HuL)
2
Affleck-Dine leptogenesis
+
RH Sneutrino Condensate CDM with d=4
superpotential
The key ingredient is that the potentials of the AD
scalar and the RH sneutrino condensate are both lifted
by non-renormalizable terms of the same mass dimen-
sion, in this case d = 4. In this case the number den-
sities in baryons and dark matter are related, but not
by the tight condition of charge conservation [4]. This
allows the dynamics to account for nB ∼ 100ncdm and
so why the mass densities are related.
The RH sneutrinos are introduced via the super-
potential
W =WMSSM +Wν , Wν = λνNHuL+
MN
2
N2 .
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Fig. 1. RH Sneutrino oscillations
IfMN < MW then the RH sneutrino can be the LSP
1.
We will consider the simplest case where MN = 0 and
the neutrinos are pure Dirac, with λν < 10
−13. The
small coupling ensures that the RH sneutrinos are out
of thermal equilibirium and so a condensate formed in
the early Universe will exist today. The dynamics of
the scalar fields follows the now-standard flat direction
scenario (Figure 1). With a Planck-suppressed non-
renormalizable term of the form (M =MPl/
√
8pi)
W =
λNN
4
4!M
,
the potential is (neglecting unimportant A-terms)
V (N) ≈ (m2N − cNH2) |N |2 + λ
2
N |N |2(n−1)
M2(n−3)
,
where mN ≈ 100GeV is from SUSY breaking. This
non-renormalizable term is of the lowest possible di-
mension and so perhaps the most natural one to con-
sider. The RH sneutrino will begin to oscillate once
H2 = H2osc ≈ m2N/cN , with initial amplitude
|N |osc ≈ |N |min[H ≈ Hosc N ] =
(
12
λ2N
)1/4
(mNM)
1/2
.
The resulting energy density today is then
ρN o =
√
12pi2
45
cNT
3
γTRmN
λNM
,
and the observed dark matter density is obtained if
the reheating temperature satisfies
TR ≈ 2.6×107 λN
cN
(
h
0.7
)2 (
ΩN
0.23
)(
100GeV
mN
)
GeV .
This is consistent with the most recent thermal grav-
itino upper bound [6], TR < 10
6−8GeV , when
λN/cN
<
∼
0.1− 1.
The Affleck-Dine mechanism is arguably the sim-
plest and most natural way to generate the matter-
antimatter asymmetry in the context of the MSSM.
The lowest dimension (B-L)-violating operator capa-
ble of doing this is (HuL)
2
. The corresponding d = 4
flat direction potential is
V (Φ) =
(
m2Φ − cΦH2
) |Φ|2
1 RH sneutrino dark matter with MN = 0 was first con-
sidered in a thermal relic model in [5].
+
(
AΦ
λΦ
4!M
Φ4 + h.c.
)
+
|λΦ|2
3!2M2
|Φ|6 .
At cH2 ∼ m2Φ, the CP- and L-violating A-term kicks
the real and imaginary oscillations out of phase, leav-
ing the Φ field in a ellipitical orbit in the complex
Φ plane. This corresponds to a L-asymmetry in the
condensate, which is conserved once the Φ field and
A-term diminishes via expansion. Once the scalars in
the condensate decay perturbatively, spahleron pro-
cesses will convert the L-asymmetry into an equivalent
B-asymmetry, nB = −(8/23)nL initial. The resulting
B-asymmetry is then [4]
nB ≈ fA
4
ρΦ o
mΦ
; fA =
16
23
sin (2θ) sin (δ) ,
where θ and δ are CP-violating angles. The key point
is that
ρΦ o = m
2
Φφ(to)
2/2
is the density the d = 4 Φ condensate would have in
the Universe at present if the Φ condensate did not
decay. Therefore there is a direct connection between
the B asymmetry generated along a d = 4 flat direction
and the dark matter density due to condensate lifted by
a d = 4 non-renormalizable term. This connection is
purely due to the similar dynamics of the scalar field-
based mechanisms for the origins of the baryon asym-
metry and of dark matter. As a result of its dynamical
nature, the relationship between the baryon and dark
matter number densities is looser than the strict rela-
tion found in charge conservation-based BDM models.
The model has pluses and minuses. On the plus side,
for reasonable values of the parameters λi, ci we can
account for the observed BDM ratio; a minus is that
the parameter dependence of the dynamics makes pre-
cise prediction impossible without a theory of λi, ci.
However, these should eventually be calculable within
a complete theory of Planck-scale physics.
The resulting BDM ratio is given by
ΩB
ΩDM
≈ fA
4
mn
mΦ
ρΦ o
ρN o
=
fA
400
(
100GeV
mN
)[
cΦ
cN
λN
λΦ
]
.
The square-bracketed terms reflect the dynamical na-
ture of the BDM ratio in this model. If cΦ/cN and
λN/λΦ are both ∼ 1 then we would get the same kind
of relation as in the charge-conservation type models,
nB/nDM ∼ 1. However, thanks to the freedom offered
by the dynamics, the observed BDM ratio can be un-
derstood if there is a small hierarchy between λΦ and
λN e.g.
λΦ ∼ 0.01λN , fA ∼ 0.5 , cΦ ∼ cN , mN ∼ 100GeV
⇒ ΩB
ΩDM
≈ 1
6
.
It is worth emphasizing what has been gained here:
• The ’big mystery’ of why completely unrelated mech-
anisms of baryogenesis and dark matter generation
produce mass densities within an order of magnitude
has been reduced to a simple hierarchy of couplings.
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Such a hierarchy of non-renormalizable Yukawas is en-
tirely plausible, given the range of values observed for
the Standard Model Yukawa couplings.
• No new physics has been added to the MSSM be-
yond the RH neutrinos required to account for neu-
trino masses. The Planck-suppressed non-renormalizable
terms are of the lowest order and therefore what we
would add to the model on general terms anyway.
It is quite remarkable that the MSSM has within
its structure such a simple and economical mechanism
for generating and relating the dark matter and baryon
densities. As such, the MSSM with neutrino masses
appears to be strongly favoured by the ’BDM princi-
ple’. Note also the power of the BDM ratio as a se-
lection rule: it not only identifies the particle physics
model, but also the mechanisms of baryogenesis and
dark matter generation and the identity of the dark
matter particle itself.
3 Observable Features of the Model
The model has a number of potentially observable fea-
tures:
(i) CDM and Baryon Isocurvature perturba-
tions. These arise either because the N and Φ are
effectively massless during inflation (as in D-term in-
flation models) or because the phase field is effectively
massless (as in F-term inflation models with suppressed
H coreections to the A-terms)[4]. Therefore the ob-
servability of isocurvature perturbations depends on
the nature of SUSY inflation. The CDM isocurvature
(CDI) contribution to the CMB power spectrum is
Cl = (1 − α)Cadl + αCisol
αCDI ≈ H
2
I
pi2PRN2I
where NI , HI are the values duing inflation. Using
this, and comparing with the present upper bound [7],
α < 0.26, we obtain an upper bound on HI
HI
<
∼
(
48
5
)1/2
pi2PRMαlim
λN
≡ 4.4× 1011
(
0.1
λN
)(αlim
0.26
)(NI
N∗
)2
GeV .
Here N∗ is the upper limit on NI where the non-
renormalizable potential gives N an effective mass of
order H2I . (Figure 2.) The upper bound on HI is close
to typical values in SUSY inflation models e.g. D-term
hybrid inflation has HI ≈ 1.1× 1013gGeV .
In addition to CDM isocurvature perturbations of
the RH sneutrino density, there can also be baryon
isocurvature (BI) perturbations due to quantum fluc-
tuations of Φ. The ratio of baryon to CDM isocurva-
ture perturbation is
αBI
αCDI
=
f2θN
2
I
4φ2I
(
ΩB
ΩCDM
)2
D - t e r m  i n f l a t i o n
F - t e r m  i n f l a t i o n
N
*
~  H
Q u a n t u m  
f l u c t u a t i o n  l i m i t
N  a n y w h e r e  i n  t h i s  r a n g e
N
m i n
V  ~  - c H 2  N 2
V  ~  N 6
V  ~  N 6
Fig. 2. RH Sneutrino potential during D- and F-term in-
flation. The Φ potential is similar.
≈ 8× 10−3f2θ
(
NI
φI
)2
; fθ =
2
tan 2θ
∼ 1 .
The CDM and baryon isocurvature perturbations can-
not be distinguished by CMB observations, but could
eventually be observed via the 21cm background [8].
The ratio then becomes a direct indicator of the nature
of SUSY inflation. F-term inflation implies ΦI and NI
are at the minimum of their potentials (Figure 2), so
the baryon isocurvature contribution is negligible in
this case [4]
αBI
αCDI
≈ 8× 10−3f2θ
(
cN
cφ
)1/2
λφ
λN
∼ 10−3 − 10−4 .
On the other hand, in D-term inflation NI and ΦI
are undetermined, so a large or even dominant baryon
isocurvature perturbation is possible in this case.
(ii) Long-lived NLSP collider pheomoenology
The RH sneutrino can be regarded as a third member
of the family of very weakly interacting SUSY dark
matter candidates, joining the gravitino [9] and axino
[10]. In common with these better-known candidates,
MSSM collider pheomenology will be quite different
from conventional (thermal-relic) neutralino LSPs, in-
cluding the possibility of charged NLSPs. To distin-
guish RH sneutrino LSPs from gravitinos and axinos,
the best possibility would be if the stau was the NLSP
(MSSM-LSP) and if its decay mode to LSPs could be
observed by trapping and observing its lifetime and fi-
nal states. Final states for stau decay to gravitinos and
axinos generally have τ− leptons, whereas decay to
RH sneutrinos typically will have a charged Higgs h−u .
More detailed study of NLSP decays is called for, to
ensure that the lifetime of the stau is short enough to
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avoid disrupting light element abundances. The NLSP
phenomenology of RH sneutrino condensate CDM can
also be distinguised from RH sneutrino dark matter
from thermal relic NLSP decay [5], since the latter is
restricted to the parameter region where ΩNLSP >
Ωcdm, whereas there is no restriction on ΩNLSP in the
case of RH sneutrino condensate dark matter, allow-
ing the MSSM-LSP to exist in the region of MSSM
parameter space where ΩNLSP ≪ Ωcdm. Observation
of a CDM isocurvature perturbation would also distin-
guish between condensate and thermal relic RH sneu-
trinos.
4 Summary
RH sneutrino condensate CDM combined with Affleck-
Dine baryogenesis can plausibly account for the ob-
served similarity of the baryon and dark matter mass
densities in the Universe. Seen as a selection principle,
the requirement that a particle physics model can with-
out contrivance account for the BDM ratio favours the
MSSM with neutrino masses and RH sneutrino con-
densate CDM. It is quite remarkable that the MSSM
with neutrino masses has the ability to account for the
BDM ratio as a natural consequence its structure.
CDM and baryon isocurvature perturbations are
possible, the ratio of which gives information on the
nature of SUSY inflation. Long-lived NLSP phenomenol-
ogy is also expected, which can be distinguished from
gravitino and axino LSP phenomenology via trapped
stau final states, and from thermal relic RH sneu-
trino LSP phenomenology once the parameters of the
MSSM are known.
There are a number of issues which remain to be
addressed. One is the possibility that MN 6= 0. In this
case it is possible that the heavier generation conden-
sate RH sneutrinos, which will have a lifetime longer
than the age of the Universe so long as λν is still small,
would decay into the LSP RH sneutrino plus e+e−.
This could produce a potentially observable diffuse γ-
ray background. In addition, the phenomenology and
cosmology of MSSM-LSPs in this model should be
studied in detail.
Acknowledgement
This work was supported (in part) by the European
Union through the Marie Curie Research and Train-
ing Network ”UniverseNet” (MRTN-CT-2006-035863)
and by STFC (PPARC) Grant PP/D000394/1.
References
1. D.N.Spergel et al, astro-ph/0603449.
2. S.D.Thomas, Phys. Lett. B356 (1995) 256; K.Enqvist
and J.McDonald, Nucl. Phys. B538 (1999) 321;
D.Hooper, J.March-Russell and S.M.West, Phys.
Lett. B605 (2005) 228; S.Abel and V.Page,
JHEP 0605 (2006) 024; L.Roszkowski and O.Seto,
hep-ph/0608013.
3. S.M.Barr, R.S.Chivukula and E.Fahri, Phys. Lett.
B241 (1990) 387; S.M.Barr, Phys. Rev. D44 (1991)
3062; D.B.Kaplan, Phys. Rev. Lett. 68 (1992) 741;
R.Kitano and I.Low, Phys. Rev. D71 (2005) 023510,
hep-ph/0503112; N.Cosme, L.Lopez Honorez and
M.H.G.Tytgat, Phys. Rev. D72 (2005) 043505;
G.R.Farrar and G.Zaharijas, Phys. Rev. Lett. 96
(2006) 041302.
4. J. McDonald, JCAP 0701, 001 (2007)
[arXiv:hep-ph/0609126].
5. T.Asaka, K.Ishiwata and T.Moroi, Phys. Rev. D73
(2006) 051301.
6. K.Kohri, T.Moroi and A.Yotsuyanagi, Phys. Rev.
D73 (2006) 123511.
7. R.Bean, J.Dunkley and E.Pierpaoli, Phys. Rev. D74
(2006) 063503.
8. R. Barkana and A. Loeb, Mon. Not. Roy. Astron. Soc.
Lett. 363, L36 (2005) [arXiv:astro-ph/0502083].
9. W. Buchmuller, K. Hamaguchi, M. Ratz and
T. Yanagida, Phys. Lett. B 588, 90 (2004)
[arXiv:hep-ph/0402179].
10. A. Brandenburg, L. Covi, K. Hamaguchi,
L. Roszkowski and F. D. Steffen, Phys. Lett. B
617, 99 (2005) [arXiv:hep-ph/0501287].
